Overexpression of the v-myc avian myelocytomatosis viral oncogene homolog (MYC) oncogene is one of the most commonly implicated causes of human tumorigenesis. MYC is known to regulate many aspects of cellular biology including glucose and glutamine metabolism. Little is known about the relationship between MYC and the appearance and disappearance of specific lipid species. We use desorption electrospray ionization mass spectrometry imaging (DESI-MSI), statistical analysis, and conditional transgenic animal models and cell samples to investigate changes in lipid profiles in MYC-induced lymphoma. We have detected a lipid signature distinct from that observed in normal tissue and in rat sarcoma-induced lymphoma cells. We found 104 distinct molecular ions that have an altered abundance in MYC lymphoma compared with normal control tissue by statistical analysis with a false discovery rate of less than 5%. Of these, 86 molecular ions were specifically identified as complex phospholipids. To evaluate whether the lipid signature could also be observed in human tissue, we examined 15 human lymphoma samples with varying expression levels of MYC oncoprotein. Distinct lipid profiles in lymphomas with high and low MYC expression were observed, including many of the lipid species identified as significant for MYC-induced animal lymphoma tissue. Our results suggest a relationship between the appearance of specific lipid species and the overexpression of MYC in lymphomas.
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biostatistics | transgenic models | lipidomics | metabolomics | cancer T he v-myc avian myelocytomatosis viral oncogene homolog (MYC) is commonly overexpressed in human neoplasia (1, 2) and has been strongly associated with the clinical aggressiveness of human cancers (3, 4) . MYC is particularly associated with the pathogenesis of hematopoietic tumors such as lymphomas and of epithelial tumors (5, 6) . In Burkitt's lymphoma, for example, the c-Myc gene is translocated to one of the Ig loci in virtually all tumors (5, 7, 8) . The MYC oncogene contributes to tumorigenesis by functioning as a global regulator of transcription involving many cellular programs, including cellular growth, metabolism, and lipid synthesis (9, 10) . MYC induces a global shift in metabolism associated with anaerobic glycolysis, a phenomenon known as the Warburg effect (11) . Several studies have shown a relationship between MYC regulation and metabolism in lymphomas, especially as related to the processes of glycolysis and glutaminolysis (12, 13) . Some reports suggest that MYC regulates fatty acid synthesis, specifically palmitate (14) ; however, little is known about the relationship between MYC expression and the up-regulation or down-regulation of various lipid species in lymphomas.
We have generated transgenic mice to conditionally regulate expression of MYC oncogenes alone or in combination with oncogenes such as rat sarcoma (RAS), BCR-ABL, and BCL2 to produce many transgenic models of cancers, including T-cell acute lymphocytic leukemia, acute myeloid leukemia, osteosarcoma, lung adenocarcinoma, and hepatocellular carcinoma (HCC) (15) (16) (17) (18) . Recently, we described the use of desorption electrospray ionization mass spectrometry imaging (DESI-MSI) and transgenic mouse models to examine the lipid profiles of MYC-induced HCC (19) . Here, we use our conditional transgenic mouse models, high mass resolution and high mass accuracy DESI-MSI, statistical analysis, and molecular biology approaches to investigate and identify the alterations in lipid profiles in MYCinduced lymphomas and in human lymphomas.
DESI-MSI is an ambient ionization technique in mass spectrometry (20, 21) that has recently emerged for imaging biological samples without the need of extensive sample preparation. DESI-MSI has been particularly powerful for investigating the distribution of diagnostic lipids and metabolites in a variety of human cancers directly from tissue sections (22) (23) (24) . Samples are bombarded with microdroplets that dissolve hundreds of lipids and metabolites. The splash forms secondary microdroplets that enter a mass spectrometer, providing a detailed chemical map of the distribution of molecules within the sample surface. Using DESI-MSI, we observed a lipid signature characteristic of MYC-induced lymphoma. Because MSI provides such a wealth of chemical information, we used the statistical method called significance analysis of microarrays (SAM) (25, 26) to select the molecules with increased or decreased abundance in MYC-induced lymphomas that were statistically significant. Although SAM has been traditionally used to analyze gene expression microarrays, similarly, in DESI-MSI, hundreds of data points are obtained from a single imaging experiment. In our study, SAM selected 104 molecular ions with increased or decreased abundance in MYCinduced lymphoma compared with control tissue with a false discovery rate (FDR) of less than 5%. The majority of the selected molecular ions were identified by tandem and high-resolution Significance Desorption electrospray ionization mass spectrometric imaging (DESI-MSI) has been shown to be particularly powerful for identifying lipids and metabolites directly from tissue sections and providing a chemical map of their distribution. We applied DESI-MSI to investigate changes in lipid profiles that occur in animal and human lymphomas associated with the overexpression of the v-myc avian myelocytomatosis viral oncogene homolog (MYC). Using statistical analysis, we found 86 lipids that were either increased or decreased in MYC-induced transgenic mouse models of lymphoma. Most of the increased lipids were glycerophosphoglycerols and cardiolipins with a higher content of monounsaturated fatty acids when compared with control tissue. The lipid profiles of MYC associated human lymphomas with overexpression of MYC resemble closely those observed in MYC-induced transgenic mouse models.
mass spectrometry as complex glycerophospholipids of biological relevance including many different subclasses. We also analyzed 15 human lymphoma samples and, similarly to the animal model results, observed distinct lipid profiles in lymphomas with high expression of MYC, in comparison with lymphomas with low expression of MYC. Our results suggest that there may be a relationship between the alterations in specific lipid metabolism and pathways and the expression of MYC in lymphomas. We specifically identified 86 molecules that have potential value as diagnostic and prognostic markers.
Results
Specific Lipid Signatures from MYC-Induced Lymphomas. We have previously described the generation of a conditional transgenic lymphoma model that uses the Tet-off system to regulate oncoprotein expression (15) . Briefly, the transgene is expressed in the absence of doxycycline, whereas the transgene is turned off in the presence of doxycycline. We used negative ion mode DESI-MSI to investigate the distribution and abundance of molecules in thymus tissue of transgenic Emu-tTA/TetO-MYC mice and normal control thymus tissue. In particular, we focused our negative ion mode analysis in the m/z 700-1,100 range, in which a broad variety of complex glycerophospholipids of different classes is commonly detected compared with positive ion mode in which glycerophosphocholines and sphingomyielines are most abundantly detected (27) . Three samples of MYC-induced lymphomas (lymphoma A, B, and C) and three samples of normal thymus (TY, T01, and T02) were imaged using DESI-MSI coupled to a high mass resolution-mass accuracy mass spectrometer (LTQOrbitrap XL) using the same experimental conditions. A histologically compatible solvent system, composed of dimethylformamide:acetonitrile (1:1) was used in the DESI-MSI experiments to allow histological evaluation to be performed on the same tissue section. This method allowed H&E staining to be performed on the same tissue section or cells previously analyzed by DESI-MSI, providing unambiguous correlation between lipid signatures and tissue disease state (28) . Details on the materials and methods can be found in SI Materials and Methods. Fig. 1 shows representative mass spectra and selected 2D ion images obtained from a tissue sample of MYC-induced lymphoma (lymphoma A), and a tissue sample of control normal thymus (thymus T02). Striking differences in the spectra of MYCinduced lymphoma and normal thymus tissues are clearly observed by inspection. For example, high relative abundances of m/z 771.5161, m/z 773.5321, and m/z 795.5163 were observed in the lymphoma A sample (Fig. 1A) , whereas high relative abundances of m/z 810.5275 and m/z 834.5275 are observed in the control thymus 1 tissue (Fig. 1B) . Highly reproducible results were obtained for the other mice tissue samples analyzed by DESI-MSI (Fig. S1 ). The expression of MYC in the thymus tissue samples was evaluated by Western blot analysis, as shown in Fig. 1C , as well as the expression of α-tubulin, which was used as the loading control. The results confirm the high overexpression of MYC in the lymphoma A, B, and C tissue samples in comparison with the control thymus tissue samples TY, T01, and T02. Twodimensional DESI ion images for lymphoma A and control thymus T02 are shown in Fig. 1D , displaying the intensity of selected m/z values throughout the tissue sections. Histopathologic evaluation of the hematoxylin and eosin (H&E) stained tissue sections confirmed that sample lymphoma A was completely comprised of tumor cells, whereas the control sample was fully composed of normal thymus cells. Some heterogeneity in the distribution of ions throughout the tissue section was observed in the 2D ion images, which is associated with regions having slight differences in lymphoma cell concentration as confirmed by histopathologic evaluation.
Identification of Statistically Significant Lipids with Altered Abundance in MYC-Induced Lymphomas Using SAM. The general differences in the relative abundances of specific ions between MYC-induced lymphoma and normal thymus can be evaluated by inspection of 2D DESI ion images. The complexity and wealth of information obtained in a single mass spectra by high mass resolution DESI-MSI for each pixel in the ion images calls for the use of refined biostatistical tools. We applied SAM to the set of DESI-MSI data obtained from all of the tissue samples analyzed to identify if the changes in abundance of molecular ions in MYC-induced lymphoma were statistically significant. SAM is a statistical technique conventionally used to analyze gene expression microarrays that include thousands of data points in a single experiment (25) . SAM determines whether the change in the abundance of a molecule is statistically significant between different phenotypes or experimental conditions.
In DESI-MSI data, hundreds of data points are obtained from a single imaging experiment. Hence, we adapted SAM to identify statistically significant ions (m/z) by computing a score, d, that measures the average change in the normalized peak abundance for that m/z between MYC-induced lymphoma and normal thymus. Repeated permutations were used to determine whether the change is significantly related to the phenotype and estimate the percentage of molecular ions identified by chance, which is called the FDR. From all of the ions detected in the m/z 700-1,200 range for all of the samples analyzed, 179 different m/zs were selected as being altered in abundance in MYC-induced lymphomas in comparison with control samples, with an FDR of less than 5%. To identify these species, we used tandem mass spectrometry analysis and high mass accuracy measurements. The fragmentation patterns obtained were compared with that reported in the literature as characteristic for the different lipid classes (29) , and were used in combination with high mass accuracy measurements for lipid identification. The high mass resolution-accuracy measurements allow us to separate and identify lipids of different classes with the same nominal mass without the need of chromatographic separation. A search through the LipidMaps database further confirmed that these m/zs can be assigned to these specific lipids. Note, however, that many of the 179 m/z values selected by SAM as statistically significant with an FDR of <5% corresponded to the 13 C isotopes peaks of the same lipid species. Therefore, after careful evaluation of the mass spectra data, a total of 104 different m/zs were identified as the monoisotopic m/z of different lipid species, within which 86 different m/zs were identified as glycerophospholipids, 40 with increased abundance in MYCinduced lymphomas, and 46 with decreased abundance, as shown in Table S1 . Lipids were identified with an absolute mass error of less than 3 ppm. Note that isomerism of the double bonds in the fatty acid (FA) chains of the glycerophospholipids complicates precise structural assignment, which is why FA chains are only tentatively assigned. Exact m/z values, mass errors, chemical formulas, and statistical scores for each lipid identified are given in Tables S2 and S3. As seen in Table S1 , the majority of the glycerophospholipid species found to be down-regulated are glycerophosphoserines (PS, 21 lipids) and glycerophosphoethanolamines (PE, 14 lipids), within a few glycerophosphoinositols (PI, 8 lipids) , a glycerophosphate (PA), a glycerophosphoglycerol (PG, 1 lipid), and a cardiolipin (CL, 1 lipid). PS is a minor membrane phospholipid that makes up to 2-10% of the total phospholipids in mammalian cells. One of the biological roles of PS is as a cofactor that activates several signaling proteins, such as protein kinase C (30) . PE is the second most abundant mammalian membrane phospholipid, constituting 20-30% of the total cell phospholipid, and PE lipids are known to play a role in membrane fusion and fission events. In contrast, the majority of the glycerophospholipids found to be up-regulated (Table S1 ) are PG (23 lipids), acyl-glycerophospholipids (acyl-PG, 4 lipids), and CL (4 lipids). A few PE (three lipids), PI (three lipids), PS (two lipids), and a PA (one lipid) were also observed. Acyl-PG are unusual lipids commonly found in bacterial cells, which have been reported to accumulate in mitochrondrial fractions of mammalian apoptotic cells (31) , and to be present at significant levels in Golgi membranes (32) . PG lipids are present at low levels (1-2%) in most animal tissue and can serve as the precursor of CL found in mitochrondrial membranes. CL is a complex phospholipid found almost exclusively in the inner mitochondrial membrane and is intimately involved in maintaining mitochondrial functionality and membrane integrity. We have recently reported the detection of a doubly deprotonated form of CL(72:8) at m/z 723.4768 in increased abundance in normal gastric tissue in comparison with gastric adenocarcinoma (24) . Interestingly, this same CL was selected by SAM in its doubly deprotonated form in decreased abundance in lymphoma, whereas four other CL species with one to three fewer double bonds (72:7, 72:6, 72:5, and 74:7) were selected as in higher abundance in lymphoma tissue compared with normal thymus control. These findings are consistent with earlier studies showing the presence of immature CL with lower instauration and shorter FA chains in tumor cells (33) .
Besides the alterations in the abundance of certain lipid classes in MYC-induced lymphomas, we also observed changes in the saturation of the FA chain constituents of the glycerophospholipids identified in higher abundance in lymphoma tissue in comparison with control tissue. When evaluating the saturated stearic acid FA (18:0) and the monounsaturated oleic acid FA(18:1) chain constituents of the glycerophospholipids, a total of 32 were identified as chains in glycerophospholipids found in decreased abundance in lymphoma, 27 FA(18:0) and 5 FA(18:1). Strikingly, out of the 35 identified in increased abundance in lymphoma tissue, only 7 were saturated FA(18:0) and 28 instead were FA(18:1). The monounsaturated fatty acid oleic acid is produced from the saturated FA stearic acid by the enzyme stearoyl-CoA desaturase-1 (SCD1), which catalyzes the synthesis of monounsaturated FAs from saturated FAs. SCD1 has been reported to be a target of the MYC oncogene as documented in the MYC target gene database and in other studies (34) . Increased SCD1 gene expression has been detected in various malignant human tissues such as colonic and esophageal carcinomas, hepatocellular adenoma, as well as in human lymphoma cell lines (35) . Similarly to oleic acid, we also observed a higher number of the monounsaturated palmitoleic acid FA(16:1) as FA chains in the glycerophospholipids found in increased abundance in lymphoma tissue than the saturated palmitic acid FA(16:0) compared with control tissue (Fig. S2) .
Different Lipid Profiles Are Observed in RAS-Versus MYC-Induced
Lymphoma Cell Lines. To evaluate if the lipid signature of lymphoma identified through DESI-MSI and SAM is oncogene specific, we examined if the alterations in the abundances of the glycerophospholipids are causally related to MYC or RAS oncogene activation through in vitro analysis. Tumor-derived cell lines isolated from MYC-or RAS-induced lymphoma models were subjected to doxycycline to shut down oncogene expression. Tumor cells were harvested when MYC or RAS was activated (MYC ON or RAS ON), and at two different time points following oncogene suppression (4-and 16-h MYC OFF). Cell samples were analyzed under the same experimental conditions used for lymphoma and thymus tissue imaging. Fig. 2 (Fig. 2B) . These results support our findings using MYC-induced transgenic mouse models. We infer the abundance of glycerophospholipids in lymphomas is casually related to the expression of oncogenes rather than solely related to disease state.
Lipid Profiles of Human Lymphomas with High and Low MYC
Expression. We evaluated whether the lipid signature identified in our mouse models of MYC-induced lymphomas could be observed in human lymphoma tissue specimens with different levels of MYC protein expression. A set of 15 human lymphoma samples of different subtypes including 3 diffuse large B-cell lymphomas (DLBCL), 7 follicular lymphomas, and 5 Burkitt's lymphomas was investigated by DESI-MSI with the same experimental parameters used for murine samples. Many of the human lymphoma samples showed spatial heterogeneity, including regions with necrotic tissue, adjacent normal tissue, and blood vessels, as identified by histopathologic evaluation of the H&E stained tissue sections. The DESI mass spectra evaluated were extracted from selected regions with clear accumulation of tumor cells. To quantify MYC levels in human lymphoma, we used nanofluidic proteomic immunoassay (NIA), a highly sensitive method that we have previously developed for determining oncoprotein expression in clinical specimens (36) . NIA has been used to detect and quantify MYC in human lymphoma specimens with results comparable to Western blot analysis (36) . We have shown that the cutoff value of 0.2 relative luminescence units (RLU) is statistically significant for characterizing samples with high and low MYC expression levels. In the set of human lymphoma samples used for this study, nine samples of human lymphomas, including all DLBCL and four Burkitt's lymphomas, had high expression levels of MYC (>0.2 RLU), whereas the remaining six samples, two follicular lymphomas and one Burkitt's lymphoma, had low expression levels of MYC (Fig. S3) . Fig. S4 shows the mass spectra for HL02, human DLBCL lymphoma with high expression of MYC (0.90 RLU), sample HL18, human Burkitt's lymphoma with high expression of MYC (0.95 RLU), sample HL07, human follicular lymphoma with low expression of MYC (0.13 RLU) and sample HL08, and human follicular lymphoma with low expression of MYC (0.17 RLU). When comparing the mass spectral data obtained for the human samples with the murine data, strong similarities are observed between the human lymphoma samples with high MYC expression and MYC-induced lymphomas. Many of the lipid species identified in higher abundance in MYC- induced lymphoma by DESI-MSI and SAM are also observed in higher relative abundances in the human lymphoma samples with high MYC expression. To demonstrate the overall trends in lipid expression, we selected a total of 18 representative lipid species found by SAM (FDR = 0%, and statistical score jdj > 2) as either increased or decreased in MYC-induced lymphoma, and calculated their normalized abundance in three samples of MYCinduced lymphomas analyzed, nine samples of human lymphomas with high expression of MYC, and six samples of human lymphomas with low expression of MYC. Fig. 3A presents pie charts showing the average normalized abundance of the lipids for each group. Overall, there is a similar lipid expression pattern that is observed in the MYC-induced mouse lymphoma and the human lymphoma samples with high MYC expression rather than with the human lymphoma samples with low MYC expression.
Discussion
We have combined DESI-MSI with SAM to identify MYCassociated lipid species in both transgenic mice and human lymphomas. Unlike traditional approaches used for lipid analysis, such as high-performance liquid chromatography mass spectrometry (HPLC-MS) and gas chromatography mass spectrometry (GC-MS), DESI-MSI allows for the direct and rapid analysis of lymphoma tissue and cells without the need for extensive sample preparation. A multitude of lipids are detected, and an unambiguous correlation between their 2D distribution and disease state has been established. We also used an advanced statistical technique, SAM, in a previously unemployed way to identify statistically significant molecular signatures within the complex MSI data for MYC-induced lymphoma. In combination with high mass resolution, high mass accuracy, and tandem mass spectrometry approaches, we were able to identify a total of 86 different glycerophospholipids, including species in classes PS, PI, PG, PE, PA, acyl-PG, and CL, with varied important biological roles. The majority of the lipid species selected by SAM as being significantly increased in abundance in lymphoma were identified as PG and CL, whereas lipids of the classes PE, PS, and PI were identified to be decreased in abundance.
The MYC oncogene regulates FA import for beta oxidation, which may play an important role in sustaining the survival of lymphoma cells (37, 38) . The specific lipid species of various classes identified in our study with statistically significant altered abundance in MYC-induced lymphomas could have diagnostic and prognostic value, and could provide insight into the role of MYC in lymphoma tumorigenesis. PGs are of particular interest owing to their increased abundance in MYC-induced lymphomas and their major role as the precursors of CL, complex lipids that are found almost exclusively in mitochondrial membranes (39) . This increase in PGs would be consistent with MYC's induction of mitochondrial biogenesis (40) . Abnormalities in CL can impair mitochondrial function and bioenergetics and cause irreversible respiratory injuries in tumors, as related to the Warburg cancer theory (33) . CL content and distribution of molecular CL species has been reported to differ between tumor and nontumor cells (41) and in highly and slowly proliferating cells from leukemia patients (42) . We have found that specific CL species with a smaller number of double bonds in MYC-induced lymphomas are significantly increased compared with normal control tissue. In vitro and in vivo studies both indicate that MYC has many connections to mitochondrial biogenesis and function (43, 44) , although a correlation between MYC expression and CL composition in lymphomas appears, to our knowledge, not to have been reported previously. Besides identifying changes in the abundance of lipids of certain classes, our approach also enabled the identification of marked changes in FA chain composition in MYC-induced lymphoma compared with normal tissue, with a larger number of monounsaturated FA in lymphoma tissue compared with their saturated FA counterpart.
We also investigated lipid profiles of MYC-induced and RASinduced lymphoma cells, and found them to be markedly different. The relative abundances of lipids in each cell lines also varied after 4 and 16 h of oncogene inactivation. RAS-induced lymphoma contained higher relative abundance of PI as opposed to PG. This finding could relate to the canonical RAS-PI3K-Akt pathway that requires phosphoinositides for signaling. PIs, which are phosphoinositide metabolites, are catalyzed by phospholipase A2 and a lysophospholipase, which are known to be RASdependent (45) . Lysophospholipase catalyzes the production of PI from phosphoinositides, a process which is greatly augmented by RAS transformation in both fibroblasts and other cells, indicating the importance of glycerophospholipid metabolism in RAS (46) (47) (48) . Our results could reflect that generally specific oncogenes will be associated with unique lipid signatures. Note that some of the changes we observe in the lipid profiles could reflect differences between naive thymic and activated tumorderived T cells. However, because the lipid signature we identify appears to distinguish MYC from RAS-induced lymphomas, we presume that many of these changes are causally specific to MYC, but this remains to be examined (please see SI Discussion for additional discussion).
Our transgenic mouse models of MYC-induced cancers recapitulate many properties of human cancer, thereby serving as a tractable way to dissect how MYC regulates metabolism in cancer cells (49) . We examined 15 samples of different types of human lymphomas using DESI-MSI and found that many of the lipid species identified by SAM to be overexpressed in MYC-induced lymphoma were also observed in higher relative abundances in human lymphoma samples having a high expression of MYC. These results suggest that there is a correlation between lipid abundance and MYC oncogene expression in human lymphomas.
Our approach provides a means for in situ analysis of specific metabolic signatures that may be useful to detect, diagnose, and prognosticate MYC-associated human tumors. The lipid species found in our study might provide new biological insights into how MYC regulates cellular metabolism in cancer. Future studies will identify the biological mechanisms by which MYC changes lipid profiles and evaluate whether these lipid signatures can serve as biomarkers for cancer detection and therapy.
